Studies showed that TRIM72 is essential for repair of alveolar cell membrane disruptions, and exogenous recombinant human TRIM72 protein (rhT72) demonstrated tissue-mending properties in animal models of tissue injury. Here we examine the mechanisms of rhT72-mediated lung cell protection in vitro and test the efficacy of inhaled rhT72 in reducing tissue pathology in a mouse model of ventilator-induced lung injury. In vitro lung cell injury was induced by glass beads and stretching. Ventilator-induced lung injury was modeled by injurious ventilation at 30 ml/kg tidal volume. Affinity-purified rhT72 or control proteins were added into culture medium or applied through nebulization. Cellular uptake and in vivo distribution of rhT72 were detected by imaging and immunostaining. Exogenous rhT72 maintains membrane integrity of alveolar epithelial cells subjected to glass bead injury in a dose-dependent manner. Inhaled rhT72 decreases the number of fatally injured alveolar cells, and ameliorates tissue-damaging indicators and cell injury markers after injurious ventilation. Using in vitro stretching assays, we reveal that rhT72 improves both cellular resilience to membrane wounding and membrane repair after injury. Image analysis detected rhT72 uptake by rat alveolar epithelial cells, which can be inhibited by a cholesterol-disrupting agent. In addition, inhaled rhT72 distributes to the distal lungs, where it colocalizes with phosphatidylserine detection on nonpermeabilized lung slices to label wounded cells. In conclusion, our study showed that inhaled rhT72 accumulates in injured lungs and protects lung tissue from ventilator injury, the mechanisms of which include improving cell resilience to membrane wounding, localizing to injured membrane, and augmenting membrane repair.
Lung cells are regularly subjected to mechanical loads or stress, and respond by changing cell volume, length, or shape (i.e., strain) (1) . Stress failure occurs when the local strain is large enough to overcome the adhesion forces among the plasma membrane lipids and those between the plasma membrane and the subcortical cytoskeleton (2) . In acute respiratory distress syndrome (ARDS), alveolar-resident cells may be previously subjected to a barrage of physical and biochemical insults, such as trauma, acid reflux, bacterial toxins, and inflammatory cytokines (3) . The frequent need for mechanical ventilation among patients with ARDS also causes additional physical stresses to the lung, manifested as ventilator-induced lung injury (VILI) that is commonly referred to as the "volutrauma" (4, 5) . As a result, membrane blebs, plasma membrane wounds, and loss of cell anchorage to the basement membrane occur (3, 4) . Subsequent disruption of normal cellular function, cell death, lung edema, and activation of inflammatory mediators drives the lung into an even more distressed state that is commonly referred to as the "biotrauma" and the "atelectrauma" (6) (7) (8) . In general, the cytoskeleton contributes greatly to the elasticity and overall cell mechanics of a single cell (9) . Nonetheless, studies have shown that elasticity of the cell-cell junction area is different from, and significantly influences, stiffness of the single cell (10, 11) .
Injury to alveolus-resident cells is the hallmark of ARDS and VILI, in which evidence of epithelial and endothelial cell damage has been well documented (12) (13) (14) (15) . It is known that all wounded cells have the capacity to restore plasma membrane integrity (16, 17) through orchestrated stepwise cellular processes (3, 4, 18) , so manifestations of cell injury are potentially reversible and represent a target for therapeutic interventions. Although a number of cell repair-targeted pharmacologic interventions have proven effective in preclinical models (19) (20) (21) (22) , the focus in patients remains on lung protective mechanical ventilation (23) as a means to reduce the deforming stress the lung cells experience during ventilation. Clinicians describe these stresses as associated with alveolar overdistension and the cyclic opening and collapse of unstable lung units (24) . Although the former is a tangential stress presumably born by cell-cell junctions, the latter is interfacial in nature and is associated with the movement and fracture of liquid bridges in small conducting airways and air spaces.
Our goal is to develop a safe and effective lung cell repair therapy that enhances the cell's intrinsic repair mechanisms. In this regard, we found that tripartite motif family protein 72 (TRIM72) is a critical component of the "repair kit" in alveolar epithelial cells (25, 26) , similar to its membrane reparative roles in skeletal muscle and the heart (27) (28) (29) . In uninjured cells, TRIM72 proteins are thought to dimerize via their leucine zipper motif (30) in the reduced intracellular environment and associate with lipid vesicles at the sub-plasma membrane region (27) , aided by its higher affinity to the biological membrane component phosphatidylserine (PS) (31) . Upon membrane injury, exposure to the oxidized extracellular environment causes rapid oligomerization of TRIM72 through formation of disulfide bonds among the dimers' cysteine residues (30) . These protein-vesicle complexes traffic to the plasma membrane wounds, which may use a nonmuscle myosin type IIA-based motor system (32) , to form repair patches for the membrane wounds (27) . Indeed, supplementation with exogenous recombinant human TRIM72 protein (rhT72) intravenously, subcutaneously, or intramuscularly has been shown to protect a variety of organs, including skeletal muscle, heart, kidney, lung, skin, and the brain from toxin, enzyme, strenuous exercise, or ischemic reperfusion-induced injuries (33) (34) (35) (36) (37) (38) . Studies also showed that rhT72 improves muscle pathology in a few animal models of muscular dystrophies (38) (39) (40) . Nevertheless, the mechanism for exogenous rhT72-mediated membrane repair is thought to be different from that of the endogenous TRIM72, because rhT72 is often supplied in an oxidized extracellular environment.
In this study, we evaluated the therapeutic potential of inhaled rhT72 for the treatment of VILI using in vitro and in vivo models of lung injury. We found that rhT72 is readily taken up into the cytosol in a cholesterol-dependent manner, increases the cell's resilience to stretch injury of the plasma membrane, and improves membrane wound repair. The cell-protective efficacy of rhT72 was observed in the micromolar range in both rat and primary human alveolar epithelial cells. In vivo studies revealed that inhaled rhT72 accumulated in injured lung regions subjected to high tidal volume (VT) ventilation, and that it effectively reduced the number of cells with defective membrane repair in the injurious ventilation model. Its use was also associated with reduced biomarkers of lung cell and tissue injury. Our results suggest that inhaled rhT72 distributes to injured lung tissues and protects the lung from various ventilator stressors through improvement of cell resilience to membrane wounding and aid to plasma membrane repair.
Methods

Cell Injury Assays
A total of 9 3 10 4 rat alveolar epithelial (RLE) cells (ATCC) or primary human alveolar epithelial cells (ScienCell) were aliquoted into 96-well plates in suspension, mixed with 20-mg/well glass beads (Sigma), and horizontally rotated at 180 rpm for 10 minutes. Supernatant lactate dehydrogenase (LDH) was measured using a Clontech kit. RLE cells were also cultured on BioFlex dishes (FlexCell International) and stretched by maximal 22.5% 0.25-Hz gradient biaxial strain for 10 minutes in medium containing 10 kD fluorescein isothiocyanate-labeled dextran (FDX; Invitrogen). 0.5 mg/ml propidium iodide (PI; Invitrogen) was added after stretching (25, 38, 41) .
VILI
Wild-type mice were ventilated at 30 ml/kg VT, 3 cm H 2 O positive end-expiratory pressure, with room air for 2 hours. Controls received 6 ml/kg VT ventilation. A total of 200 ml of 1.03 mM rhT72 (or BSA) was nebulized at 6 ml/kg VT for 5 minutes every 30 minutes through an aeroneb-pro nebulizer (SCIREQ). Elastance was recorded using FlexiWare (SCIREQ). After over-ventilation (OV), PI was injected into the pulmonary circulation, and lungs were occluded at 30 ml/kg with room air. Confocal images at 405 and 561 nm were taken on a Zeiss LSM 810 confocal microscope in a blinded fashion. BAL fluid (BALF) and lung tissues were collected in separate experiments for detection of BALF protein, LDH, biomarkers, histology, and wet/dry ratio (26) .
Cellular Uptake of rhT72
RLE cells were incubated with 6.25 nmol red fluorescent protein (RFP)-TRIM72 (or RFP) plus 5 mM FM1-43 (Invitrogen). Fluorescent signals at 562 and 488 nm were monitored for 50 minutes, and the percentage of cells internalizing RFP-TRIM72 was quantified. To examine mechanisms of uptake, RLE cells were pretreated with 5 mM methyl-b-cyclodextrin (MbCD; Sigma) at 37 8 C for 30 minutes before treated with RFP-TRIM72.
In Vivo Distribution of rhT72 RFP-TRIM72 or maltose binding protein (MBP)-TRIM72 was administrated to mouse lungs via nebulizer under normal ventilation (NV) for 5 minutes after 30 minutes of OV. RFP-TRIM72-treated lungs were submerged in optimal cutting temperature compound (OCT) and imaged at 563 nm on an Olympus IX73 fluorescent microscope. Fluorescent intensity was quantified using ImageJ (NIH). MBP-TRIM72-treated lungs were fixed in 4% paraformaldehyde and processed for immunostaining with anti-MBP (Thermo Fisher) and anti-PS (Millipore) antibodies, followed by secondary antibodies and DAPI counterstaining. Lung slices were either permeabilized with Triton X-100 or not. Colocalization of fluorescence images was quantified using CellSens software.
Statistical Analysis
Data were analyzed using Origin 6.0 (OriginLab) and SPSS Statistics v25 (IBM), and are presented as mean6SEM.
Significance was assumed at P less than 0.05. See the data supplement for details.
Results
Recombinant TRIM72 Protein Ameliorates Alveolar Epithelial Cell Injury
As alveolar epithelial cells are a cell type that is susceptible to VILI (3), we first tested the cell-protective efficacy of rhT72 on these cells in vitro. MBP-tagged rhT72 was used, because it showed good efficacy in reducing skeletal muscle injuries in dystrophic mouse models (38) . The molecular size of MBP-rhT72 is 97.4 kD, with a calculated isoelectric point of 5.4. Colloidal blue staining showed greater than 95% purity of affinity-purified rhT72, and approximate yield of 32.03 mM in the first 1-ml elution ( Figure 1A) . Glass bead compression and shear stress induced the release of intracellular enzyme LDH into the cell culture medium (Figure 1) , which was used for quantitative evaluation of cell wounding. As shown in Figure 1B To test the protective effects of rhT72 in vivo, we administrated rhT72 via a ventilator-driven intermittent mesh nebulizer ( Figure 1D ) and applied ex vivo quantification of fatally injured alveolar cells ( Figures 1E and 1F) (16) . Our results showed that lungs received BSA inhalation and subjected to injurious ventilation at 30 ml/kg VT for 2 hours had PI 1 cells lining the alveolar wall (BSA-OV), while intermittent inhalation of 1.03 mM rhT72 through the OV process significantly reduced the proportion of PI 1 unrepaired alveolar resident cells (41, 42) in the subpleural lung regions as compared with BSA-treated controls. Although the in vitro and in vivo data in Figure 1 cannot distinguish between the cells' resistance to biophysical injury and enhanced repair of injured cells, it would seem that the latter is ORIGINAL RESEARCH more likely based on our previous studies (25, 26) .
Recombinant TRIM72 Improves Lung Injury Indicators in VILI
To examine if the cytoprotective effect of rhT72 corresponds to reduced tissue injury indicators in VILI, we characterized tissue histology, lung mechanic parameters, and biochemical indicators (41) (Figures  2A-2D ). As seen in Figure 2A , mild histopathological changes were seen in BSA-treated lungs after 2 hours of OV, including areas of atelectasis and thickened alveolar septa. In contrast, rhT72-treated lungs had fewer of these histopathological changes and were similar to BSA-treated control lungs subjected to low VT ventilation at 6 ml/kg (Figure 2A ). Injurious ventilation was associated with a significant increase in elastance, which was mitigated by rhT72 inhalation (Table 1) . Furthermore, rhT72 inhalation reduced the levels of BALF total protein, LDH, and wet-to-dry ratio, which were elevated after 2 hours of injurious ventilation ( Figure  2B-2D ).
Recombinant TRIM72 Reduces Selective Cell Injury Markers in VILI
ARDS and VILI biomarkers have been shown to aid in the diagnosis of lung injury, predict outcome, and reveal the type of injured cells (43) (44) (45) (46) . We measured the levels of several of these biomarkers in BALF of the VILI mice, including: receptor for advanced glycation end-products (RAGE); surfactant protein-D (SP-D); angiopoietin 2 (ANGPT2); von Willebrand factor A2 domain; CXC chemokine ligand (CXCL) 1 (or keratinocyte chemoattractant); CXCL2 (or macrophage inflammatory protein 2); IL-1; and TNF-a. These makers indicate the presence of major pathogenic mechanisms for VILI, such as type I alveolar epithelial cell injury, type II alveolar epithelial cell injury, endothelial cell injury, coagulation pathway activation, neutrophil recruitment, and the development of biotrauma (45) . Consistent with previous biomarker studies ( [43] [44] [45] [46] , all of these markers were significantly elevated after injurious ventilation ( Figures  2E-2M ), although the increases in proinflammatory cytokines IL-6 and IL-1b were approximately 10-1,000 times less than we previously reported in a bacterial pneumonia model (47) . Interestingly, rhT72 significantly reduced the BALF levels of RAGE, SP-D, ANGPT2, and CXCL1 as compared with the BSA controls ( Figure 2F-2I ). This suggests that inhaled rhT72 ameliorates VILI by repairing injuries to multiple types of lung cells. It was not surprising to also observe reduced CXCL1 in rhT72-treated mice, as it is well known that damage-associated molecular patterns released from damaged cells can activate the innate immune system (6) . Therefore, although no substantial inflammatory cell recruitment was observed in our one-hit sterile 2-hour ventilation model, we expect that inflammatory cell infiltration to the lung, and thus biotrauma, would be subsequently ameliorated by rhT72 inhalation.
Recombinant TRIM72 Protein Increases Cell Resilience to Stretch Injury and Promotes Repair
To determine whether rhT72 protects cells from membrane wounding or simply improves membrane repair afterward, we used a previously established assay to differentiate these two possibilities (48) . RLE cells were stretched to up to 22.5% at 0.25 Hz and 75% duty cycle in the presence of FDX dye to label wounded and repaired cells. PI was added after stretching to label cells that were wounded, but unrepaired (41) . As shown in Figure 3 (49, 50) at the cell membrane to counter for the plasma membrane lytic tension, as discussed subsequently.
Recombinant TRIM72 Protein Is Taken Up by Alveolar Epithelial Cells
A previous study showed that endogenous TRIM72 binds to intracellular vesicles, which then migrates to areas requiring membrane repair (27) . In the present study, we examine whether exogenous rhT72 can enter the cytosol and associate with intracellular vesicles. The plasma membrane of the RLE cells was labeled with lipophilic Styryl dye FM14-3, which emits fluorescence once, inserting into the outer leaflet of the plasma membrane and is taken up into cytosol via endocytosis (51) . As shown in Figure 4 and movies in the data supplement, FM14-3 signal is visible after 5 minutes of contact with the cell membrane, and dye internalization was seen at approximately 15-25 minutes. Figures 4B and 4C show that extracellular RFP-TRIM72 comigrates with these lipid vesicles and gets internalized, whereas a minimal amount of RFP control protein internalization was observed ( Figure 4A) , suggesting that the majority of the RFP-TRIM72 uptake was not due to nonspecific endocytosis. To test the specific mechanism for rhT72 uptake, we incubated RLE cells with MbCD to deplete membrane cholesterol (52) before incubation with rhT72. As shown in Figure 5 , MbCD significantly reduced the percentage of RLE cells taking up recombinant proteins. This could be due to the possibility that inhibition of the cholesterol-rich caveolae disrupts the previously reported TRIM72 and caveolae interaction (25, 26) . However, we could not exclude the broader impact of cholesterol depletion on other types of endocytosis (53, 54) .
Inhaled Recombinant TRIM72 Distributes to the Distal Lung Regions in OV
To examine tissue distribution of inhaled rhT72, we used RFP-TRIM72 for imaging. RFP-TRIM72 or RFP only was administrated through nebulization for 5 minutes after 30 minutes of injurious ventilation or normal VT ventilation ( Figure 6A ). To preserve the fluorescence of exogenous RFP-TRIM72 after nebulization, the lungs were inflated with air (30 ml/kg volume), the airways occluded, and the lungs submerged into OCT en bloc. RFP-TRIM72 distribution on OCT lung slices was then observed under a fluorescence microscope (Figures 6B-6D) . Our results showed that, when the lungs were ventilated with low VTs, RFP-TRIM72 was mainly distributed to large airways and, occasionally, small airways ( Figure 6B ). In contrast, significant amounts of RFP-TRIM72 were seen throughout the lungs receiving OV, including distal alveolar regions ( Figure 6B -C, Table 2 ), whereas we did not observe any fluorescence in RFP protein-inhaled lungs even in overventilated lungs ( Figure 6D , Table 2 ). This suggests that rhT72 has a higher affinity to lung tissues wounded by OV, consistent with a previous study showing accumulation of rhT72 at wounded skeletal muscle cells (38) . We further examined the affinity of rhT72 to wounded lung tissues by performing coimmunostaining of inhaled rhT72 with cell injury markers. In this regard, we used an anti-PS antibody to stain nonpermeabilized lung slices. This should label both apoptotic cells where the plasma membrane inner leaflet PS is flipped outside, and all wounded cells bearing plasma membrane defects where plasma membrane PS can then become accessible through the membrane wounds. As shown in Figure 7A , OV induced broadly distributed cell wounding (PS 1 cells) in distal alveolar spaces in both post-injury MBP-TRIM72 and MBP control protein-treated lungs.
Immunostaining detection of inhaled MBP-TRIM72 revealed broad distribution of MBP-TRIM72 in the injured lungs, and a significant level of colocalization of MBP-TRIM72 with PS 1 cells. In contrast, MBP control protein-treated lungs showed diffuse staining without preference for PS 1 cells (Table 3 ). These data suggest that inhaled rhT72, in contrast with the control protein, is able to accumulate to wounded lung regions. Validation of the PS immunostaining on nonpermeabilized lung slices as a nonspecific marker for cell wounding is shown in Figure 7B , as PS 1 cells only account for a percentage of DAPI 1 cells on the nonpermeabilized lung slices, but a near-complete overlapping was observed on the permeabilized lung slices.
Discussion
In this study, we tested the therapeutic efficacies of rhT72 on ameliorating stressinduced lung cell injury in vitro and in vivo, and characterized the inhalation route of rhT72 delivery to the lung tissue. Our results revealed significant efficacy of rhT72 in the repair of injured alveolar epithelial cells, enhanced distribution of inhaled rhT72 to lung tissues wounded following high VT ventilation, and a correlation between its cytoprotective efficacy and reduction in lung pathology and biomarkers of lung injury.
Injury to alveolus-resident cells is an important pathophysiological mechanism of ARDS and VILI (6, 55) . Although the causes for cellular injury are diverse and complex in ARDS, in vitro and in vivo studies demonstrated that several stages of lung cell membrane repair can be modulated by various agents. Notably, hypertonic saline can stimulate caveolar endocytosis (20) , stiffen the alveolar epithelial cells, and promote tethering of the subcortical cytoskeleton to the plasma membrane (56) , and thereby increase cell resilience to injurious interfacial stresses (20, 21) . Indeed, nebulized hypertonic saline was proven to be cytoprotective in rodent models of trauma and hemorrhagic shock-induced acute lung injury (22) . Another membrane repair agent that had been examined in the context of lung injury is poloxamer 188 (P188), a biocompatible, nonionic, amphiphilic copolymer. P188 inserts into the lipid bilayer (19) , and thus may aid lipid trafficking-mediated plasma membrane repair (49, 50) . Studies showed that P188 was effective in improving a variety of cell injuries and tissue pathologies, such as muscular dystrophy, heart failure, neurodegenerative disorders, and electroporation damage (19) . In the lung, studies reported that P188 can not only protect alveolar-resident cells from ventilation injury, but also improve conventional lung injury indicators, such as lung mechanics or vascular leakage in isolated ventilated rat lungs (41) . However, such protective effects were not seen in the whole-rat injurious ventilation model (41), indicating bioaccessibility issues of P188 into the lung. Thus, the search for effective lung repair therapies continues.
In the context of VILI, the most relevant cell injury mechanisms are biophysical stresses, such as over-distention and interfacial stress. It is worth noting that complete separation of over-distention and interfacial stresses is impossible, due to the dual effect of lung water (edematous fluid), which both increases interfacial stress, and by increasing stiffness in some lung zones, causes over-distention in other areas. The in vivo injurious ventilation model used in this study is relevant for both types of biophysical stresses, as lung edema does develop as a result of OV. Previous studies on the mechanisms of endogenous TRIM72-mediated membrane repair have suggested that the association of TRIM72 with intracellular vesicles and the mobilization of the TRIM72-vesicle complex are important steps in membrane repair (27) . Studies from our group also examined the mechanisms of endogenous TRIM72-mediated repair of alveolar epithelial cells after injury (25, 47) . A major contribution of the current work is to establish that aerosolized delivery of rhT72 can provide benefits similar to that previously shown for TRIM72 overexpression (25) . Using a variety of experimental models, we had demonstrated that rhT72 protects lung cell injury caused by glass bead compression and shear stress, stretching, as well as combined in vivo volutrauma, atelectrauma, and biotrauma. As previous studies suggest that the cytoprotective effect of certain repair compounds may depend on the nature of the injurious stresses (56, 57) , it is significant that our data showed that rhT72 effectively reduces fatally injured cells in multiple cell injury models, demonstrating a broad target of its cytoprotective effect for different mechanisms of cellular injury. Notably, we showed that in vivo nebulization delivery of rhT72 after the start of tissue injury still provides significant clinical benefits in decreasing histopathological markers of lung injury, improving lung mechanics, and decreasing VILI-associated biomarkers.
Although aerosol delivery was thought to be problematic in ventilated patients (58, 59), we showed that nebulized rhT72 can be successfully delivered to the lung. In our study, increased distribution of rhT72 via postinjury delivery was visualized in the distal lung regions of the over-ventilated lungs, but mostly in the proximal airways of the NV lungs. In contrast, RFP controls did not demonstrate significant deposition in the lung, even under OV. Coimmunostaining results showed that rhT72 highly localized to regions positive for a broad cell injury marker (e.g., PS), suggesting that rhT72 is attracted to wounded lung regions (38) . Nevertheless, our current inhalation protocol cannot ensure protein delivery to all wounded lung areas, which may explain why only partial tissue protection was observed in our in vivo model of lung injury, suggesting that optimal inhalation strategy is key to further improve the therapeutic efficacy of rhT72 therapy for VILI. However, it is rational to reason that, in more severely wounded lungs, or lungs subjected to regional overdistension, localization of rhT72 to areas of greater injury may be further increased so potential side effects could be lowered. We didn't see significant amounts of rhT72 cellular uptake in NV lungs treated with RFP-TRIM72, possibly due to the short time of protein exposure (a total of 15 min). As in vivo cytosolic uptake of rhT72 and possible effect of cyclic stretching on the ratio of uptake are of interest for optimal rhT72 inhalation delivery, we will further investigate in future studies.
In addition, although rhT72 has been shown to have similar repair efficacy as endogenous TRIM72 in vitro and in vivo (28, 29, 38, 60) , before our study, it was not clear whether rhT72 worked via these same mechanisms. In this study, we further elucidated the membrane repair mechanisms of exogenous rhT72 from two aspects. First, we demonstrated that, when incubated with alveolar epithelial cells, rhT72 is taken up into the cytosol where it associates with intracellular lipid vesicles in approximately 20 minutes. FM14-3 is taken up by endocytic pathways (51) . Given the overlap of the FM14-3 and the rhT72 signals during this process, it is likely that rhT72 is also taken up via endocytosis. Indeed, cholesterol depletion by MbCD significantly reduced rhT72 cellular uptake, suggesting a significant role of clathrinindependent endocytosis in this process. Considering our previous reports identifying a physical interaction between TRIM72 and caveolin 1, and the intimate interplay between TRIM72 and caveolar endocytosis (25, 26) , we speculate that rhT72 uptake is through the caveolar endocytic pathway. However, more specific pathway inhibitors are required to further confirm the specific pathway for rhT72 uptake into the cells (53, 54) .
Furthermore, we examined whether exogenous rhT72 protects lung tissue from injury by increasing cell resilience to membrane wounding or by improving cellular repair (41, 42) . Although effects of rhT72 in over-ventilated murine lungs on markers of cell injury and inflammation cannot be attributed to cell repair to the exclusion of cytoprotection, this distinction is possible in the in vitro cell stretch system. In that system, the majority of injured cells typically repair in less than 90 seconds, and can be identified by their cytoplasmic retention of large fluorescent molecules, such as Dextran. Cells that fail to repair within 2 minutes can be identified post hoc by PI-positive staining. Accordingly, an intervention that promotes repair of injured cells would be expected to increase the fraction of Dextran-retaining cells. Although rhT72 reduced the fraction of permanently damaged PI-positive cells as expected, it also reduced the fraction of cells with retained FDX. This observation can only mean that rhT72 exposure had protected alveolar epithelial cells from stretch-related wounding. The protective effect of rhT72 on the probability of Definition of abbreviations: NV = normal ventilation; OV = over-ventilation; RFP = red fluorescent protein; TRIM72 = tripartite motif family protein 72. *P , 0.05 compared to RFP OV, n = 3 for each group. # P , 0.05 compared to RFP-TRIM72 NV, n = 3 for each group.
ORIGINAL RESEARCH stretch-induced plasma membrane wounding ( Figure 3 ) was unexpected. After all, the known effects of TRIM72 on membrane traffic (27, 61) and as chaperone in caveolar endocytosis (26) suggested that its principle mode of action is to facilitate plasma membrane repair. This unexpected finding warrants a broader consideration of enhanced membrane traffic as a defense mechanism against stretch-related plasma membrane stress failure. Because the plasma membrane is virtually inelastic, membrane tension can only be maintained at sublytic levels through a combination of membrane unfolding, enhanced lipid trafficking, and fusion of intracellular membrane-derived lipids to the cell surface (4, 49, 50, 56, 62) . Such a mechanism had been proposed as an explanation of the cytoprotective effects of secretagogues, such as ATP and b agonists (63) , and could apply to rhT72 as well. Because rhT72 can be taken up into the cytosol where it associates with intracellular vesicles, the amount of rhT72-vesicle complex to traffic to the plasma membrane during deformation should increase correspondingly, which may explain the improvement in both the cell's resilience to membrane wounding and ability of membrane repair when exogenous rhT72 was applied. This unexpected finding also prompts a discussion about the relevance of monolayer cell stretch as a model of OV-associated lung cell injury. The shape change associated with cell stretch is associated with an increase in cell surface area, and, as such, would increase plasma membrane tension to lytic levels unless this change is counteracted. Changes in cytoskeletal mechanics have also been linked to the risk of deformation injury (50, 57) . It stands to reason that an increase in cell/cytoskeletal stiffness must increase the stress that a given stretch transmits to cell-cell junctions. Unless cytoskeletal stiffening is associated with a compensatory reinforcement in cell-cell adhesive interactions and tight junctions, an agent that increases cytoskeletal stiffness would be expected to disrupt the epithelial barrier (64, 65) , whereas an agent that softens the cell would be barrier protective. To our knowledge, the effects of rhT72 on cell elastic moduli and epithelial barrier properties have not been measured to date. Although cell stiffening may increase the risk of epithelial barrier damage in over-distended alveolar spaces, there is compelling evidence that it will protect cells from damage by interfacial stress (50, 57) . This mechanism has been detailed in the context of lung protection afforded by hypertonic saline inhalation (20, 56) . The complex interplay between cell mechanical properties and the diverse and topographically heterogeneous stresses in the injured, mechanically ventilated lung pose a challenge when trying to attribute effect on an intervention to a single mechanism.
In addition, given the diversity and distinct functions of different lung cell types, revealing the cell types that were injured during ARDS and VILI will provide insights into the pathogenic mechanisms of the disease. Early studies demonstrate the presence of epithelial and endothelial cell membrane injury on transmission electron microscopy (14, 15) . Recent biomarker association studies for ARDS also revealed the clinical relevance of specific cell injury markers. For example, in a retrospective case-control study of 100 patients, Ware and colleagues (43) found that plasma Collectively, these studies highlight the significance of lung epithelial cell injury in the pathogenesis of ARDS and the correlation between serum markers and mortality. In this study, we showed that injurious ventilation significantly elevated levels of SP-D, RAGE, ANGPT2, and CXCL1 in BALF. These findings confirm that VILI is associated with injury to alveolar epithelial and endothelial cells, as well as activation of the innate immune system. Importantly, rhT72 inhalation significantly reduced these biomarkers, suggesting that the in vivo lung protection efficacy of rhT72 is through its cytoprotective effects. It is worth noting here that we used a one-hit sterile injurious ventilation model to interrogate the protective effect of rhT72 on de novo volutrauma/atelectrauma and subsequent biotrauma, whereas a percentage of clinical ARDS is caused by bacterial pneumonia (66) . In that context, our recent study (47) showed that TRIM72 in alveolar macrophage maintains the quiescence of complement receptor of the Ig family, and thus overexpression of TRIM72 led to reduction in complementmediated phagocytosis and enhanced NF-kB activation in the presence of bacteria, whereas TRIM72 knockout improves mortality due to bacterial pneumonia. Thus, we do not recommend the use of rhT72 in ARDS associated with active bacterial pneumonia. Whether TRIM72 has a proinflammatory effect in the absence of bacterial infection has not been tested yet. Nevertheless, even if TRIM72 itself has a direct proinflammatory role, it is likely that rhT72 needs to be taken up into the cell for such an effect. Our results indicate that there is rhT72 uptake into epithelial cells, but the amount does not seem high. Indeed, when BALF levels of IL-6, IL-1, and TNF-a were tested, we found that rhT72-treated lungs had similar cytokine levels to those in BSA-treated lungs, which argues against that direct application of rhT72 has a significant proinflammatory effect. Nevertheless, in our current study, rhT72 improved lung injury without inhibiting IL-6, IL-1b, TNF-a, and CXCL2 elevation in the VILI model, suggesting that moderate increases in these proinflammatory mediators are not substantial drivers for tissue injury in VILI. In fact, this reconciles with an interesting concept that some inflammatory cytokines, such as IL-6, are beneficial for the repair of acute lung injury through stimulating reparative cell proliferation (67, 68) .
In summary, our results demonstrate that rhT72 effectively protects wounded lung regions and had less accumulation in healthy lung regions. This is ideal for the treatment of VILI and ARDS, due to the heterogeneous nature of tissue injury in these syndromes. In addition, as lung cell wounding is widespread in VILI and ARDS, and is often an upstream event for biotrauma, the use of rhT72 to target cell wounding should have broader efficacy than therapies that only target a single or limited signaling pathways. n 
Groups
MBP-T72 MBP
Pearson's colocalization efficiency (r) 0.540 6 0.040 0.094 6 0.013* Definition of abbreviations: MBP = maltose binding protein; T72 = tripartite motif family protein 72. *P , 0.05 compared to MBP control, n = 5 mice for MBP-T72 and n = 3 mice for MBP group. Average value from four to five images was used for each lung.
